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Weight loss interventions are largely successful at inducing weight loss; the usual course of weight loss interventions show that weight is rapidly lost at the onset of therapy, and the greatest loss occurs 6-mo following treatment (13) . However, it has also been shown that approximately one-third of those that successfully lose weight will regain weight within 1 yr following treatment (29) . Given that modest weight loss is associated with reduced incidence of Type 2 diabetes (18, 19) , hypertension (21) , dyslipidemia (14) , and improved control of diabetes (23) , it is important to assess the effect of different treatments on weight loss and associated risk factors associated with metabolic and cardiovascular diseases.
Current literature regarding the independent effects of exercise on improvement in insulin sensitivity has yielded equivocal results. Some studies suggest that exercise in conjunction with diet provides an additive effect on insulin sensitivity (3, 5, 24) , whereas others do not (12, 26) . Furthermore, a recent study by Thomas et al. (28) used a novel study design to induce weight regain following weight loss and showed that exercise training preserved several of the improvements in metabolic syndrome parameters that improved following weight loss, demonstrating an independent effect of exercise on these variables even in the presence of weight regain (28) . To date, we are unaware of any well-controlled randomized studies that have assessed the independent effects of diet with and without exercise training on whole body insulin sensitivity for 1 yr following weight loss. Therefore, the objectives of this study were to 1) identify the independent effects of exercise (aerobic or resistance training) and weight loss on whole body insulin sensitivity and 2) determine if diet with or without aerobic or resistance training would be more successful for maintaining whole body insulin sensitivity during a 1-yr follow-up period.
METHODS

Subjects.
The study group comprised 213 healthy premenopausal women who volunteered for, and enrolled in, an ongoing study designed to examine metabolic factors that predispose women to weight gain. The sample size included in this study was 97 women from the previously mentioned parent study. This sample size included those subjects that adhered to the diet and exercise requirements for the weight loss phase and remained in the study throughout the 1-yr follow-up assessment. Importantly, there were no significant baseline differences for body mass index (BMI), insulin sensitivity, or body composition measurements between individuals that adhered to or dropped out of the study. Therefore, rather than perform an intent to treat analysis using participants that withdrew from the study, we included only the 97 women that remained in the study through the 1-yr follow-up assessment. Inclusion criteria for the parent study were BMI 27 and 30 kg/m 2 , premenopausal, age 21-46 yr, sedentary (no more than one time per week regular exercise). All subjects were nonsmokers, of overall good health, and had normal menstrual cycles. Normal glucose tolerance was documented by 2-h postprandial blood glucose levels after an oral glucose load. None of the subjects used oral contraceptives at the time of enrollment in the study or medications known to affect body composition. The Institutional Review Board for Human Subjects-approved informed consent was obtained prior to participation in the study in compliance with the Department of Health and Human Services Regulations for Protection of Human Research Subjects.
Study design. Subjects were randomly assigned to one of three different weight loss groups: diet and aerobic exercise, diet and resistance exercise, and diet only ( Fig. 1 ). All food was furnished during weight loss and consisted of 800 kcal/day that were 20 -22% fat, 18 -22% protein, and 58 -62% carbohydrate. Subjects picked up food at the General Clinical Research Center (GCRC) twice weekly and were instructed to remain on the 800 kcal/day diet until a BMI of Ͻ25 kg/m 2 was reached. Time needed to reach the goal of a 25 kg/m 2 BMI was variable with a mean of 154 Ϯ 61 days. However, no differences between the groups was found (P ϭ 0.2) Subjects were evaluated three times, at baseline in the overweight state (213 subjects were assessed at baseline), following weight loss (BMI Ͻ25 kg/m 2 ; 126 subjects reached the target BMI), and 1 yr following the weight loss (97 subjects returned for the 1-yr post weight loss evaluation). During the 1 yr following weight loss, subjects were given instructions on a balanced diet that focused on low-density food intake according to EatRight Weight Management Program principles (31) . Data presented in this article are for the 97 subjects (52 African American and 45 European American) that completed the 1-yr evaluation.
Prior to all evaluations (baseline, weight reduced, and 1-yr follow up), subjects were maintained in a weight-stable state for 4 wk. During those 4 wk, body weight measurements were made at visits to the GCRC 3 days/wk for the first 2 wk and 5 days/wk for the last 2 wk. During the final 2 wk, all meals were provided through the GCRC Research Kitchen to ensure weight stability of Ͻ1% variation from initial weight and to maintain daily macronutrient intake within the range of 20 -22% of energy as fat, 18 -22% as protein, and 58 -62% as carbohydrate. Subjects were then admitted to the GCRC for 4 days, during the follicular phase of the menstrual cycle, and underwent assessment of insulin sensitivity, body composition, and fat distribution.
Those subjects assigned to exercise groups were scheduled to train three times each week during weight loss and two times each week during the 1 yr following weight loss. All exercise training was done in an exercise training facility devoted entirely to research and was supervised by exercise physiology study personnel.
Insulin sensitivity. Whole body insulin sensitivity (S I) was assessed on an in-patient basis in the GCRC after an overnight fast with an insulin-modified, frequently sampled intravenous glucose tolerance test (IVGTT). The IVGTT was performed at least 48 h following the last exercise session for exercise groups. Prior to testing, flexible intravenous catheters were placed in the antecubital spaces of both arms. Three, 2.0-ml blood samples were taken over a 20-min period for determination of basal glucose and insulin (the average of the values was used for basal "fasting" concentrations). At time 0, glucose (50% dextrose; 11.4 g/m 2 ) was administered intravenously. Insulin (0.02 U/kg, Humulin, Eli Lilly, Indianapolis, IN) was injected at 20 min post-glucose injection. Blood samples (2.0 ml) were then collected at the following times (min) relative to glucose administration: (1, 22, 32) . The acute insulin response (AIR) to intravenous glucose was calculated as the average incremental plasma insulin concentration from the 3rd to 5th min after the glucose bolus. The disposal index was calculated as the product of SI and AIR.
Abdominal adipose tissue. Cross-sectional area of intra-abdominal adipose tissue (IAAT) and subcutaneous abdominal adipose tissue (SAAT) was determined by computed tomography with the use of a HiLight/HTD Advantage scanner (General Electric, Milwaukee, WI) set at 120 kVp (peak kilovoltage) and 40 mA. Subjects were examined in the supine position with their arms stretched above their heads, taking a 5-mm scan for 2 s at approximately the level of the fourth and fifth lumbar vertebrae. With the use of procedures established by Kvist et al. (16) , the attenuation range for adipose tissue was Ϫ30 to Ϫ190 Hounsfield units. Cross sections of adipose tissue were determined by using a computerized fat tissue-highlighting technique. Tissue cross sections between Ϫ30 and Ϫ190 Hounsfield units in the respective areas were considered to be IAAT. Both intra-and interobserver test-retest reliability for IAAT and SAAT had an r value of 0.99 with a coefficient of variation of Ͻ2% for re-evaluation of 20 scans.
Aerobic training. Aerobic training entailed continuous walking/ jogging on a treadmill, commencing with a warm-up of 3 min, and 3-5 min of stretching. During the first week of training, the subjects performed 20 min of continuous exercise at 67% maximum heart rate. Each week after the 1st week, duration and intensity increased so that by the beginning of the 8th wk, subjects exercised continuously at 80% of maximum heart rate for 40 min. Subjects were encouraged to increase intensity (either speed or grade) when average exercise heart rate was consistently below 80% of maximum. After the exercise session, subjects cooled down for 3-5 min with gradually decreasing exercise intensity.
Resistance training. After a warm-up on the treadmill or cycle ergometer for 5 min and 3-5 min of stretching, subjects performed the following exercises: squats, leg extension, leg curl, elbow flexion, triceps extension, lateral pull-down, bench press, military press, lower back extension, and bent leg sit-ups. One set of 10 repetitions was performed during the first 4 wk, after which two sets of 10 repetitions were performed for each exercise with 2-min rest between sets. The training was progressive with intensity based on 80% of the maximum weight that an individual lifted one time (1 RM). Strength was evaluated every 3 wk, and adjustments in training resistance were made based on the most current 1 RM in both the weight loss and 1-yr weight maintenance phases. In both the aerobic and resistance exercise groups, subjects were expected to train 3 days/wk during the weight loss and 2 days/wk during 1-yr follow up.
Statistical analysis. Descriptive statistics were computed for each treatment group (diet only, diet/aerobic, and diet/resistance) at baseline, following weight loss, and at 1-yr follow up. All values are reported as means Ϯ SD. All statistical models were evaluated for residual normality, and logarithmic transformations were performed when appropriate. All data were analyzed using SPSS.
Overall comparisons of the change in insulin sensitivity by intervention group were performed using a 2 (time) ϫ 3 (group) repeatedmeasures analysis of variance (ANOVA) for the overweight to reduced weight period and the reduced weight to 1-yr follow up. Analysis of covariance with repeated measures was then conducted for insulin sensitivity to adjust for potential confounders, such as changes in body composition (BMI) and fat distribution (IAAT, SAAT, and %fat). Tukey's post hoc analyses were applied when significant groupϫtime interactions occurred.
To further explore potential factors that may be mediating changes in whole body insulin sensitivity; changes between variables (IAAT, SAAT, insulin sensitivity, %fat, and V O2max) from baseline to weight reduced, weight reduced to 1-yr follow up, and baseline to 1-yr follow up were calculated. Multiple linear regression analysis was used to identify the independent associations of changes in whole body insulin sensitivity (dependent variable) with changes in IAAT, SAAT, %fat, and V O2max (independent variables). Standardized regression coefficients were determined for each independent variable.
RESULTS
Descriptive statistics at baseline and the effects of time, intervention group, and intervention groupϫtime interaction on all variables are shown in Table 1 . At baseline there were no significant group differences for any of the variables. A significant time effect was observed for all variables following weight loss. However, there were no group or groupϫtime interactions for any variable from baseline to weight reduction (Table 1) .
At 1-yr follow up a significant time effect was observed for body weight, BMI, %fat, IAAT, V O 2max , fasting glucose, and fasting insulin. A significant group effect was observed for V O 2max , such that V O 2max was significantly higher in the aerobic training and resistance training group compared with diet only (P Ͻ 0.05). Additionally, a significant timeϫgroup interaction was observed for whole body insulin sensitivity (Table 1) . Post hoc analysis revealed that aerobic training significantly increased whole body insulin sensitivity from weight reduced to 1-yr follow up (P Ͻ 0.05), whereas diet only and resistance training showed no statistical difference. Furthermore the improvement in whole body insulin sensitivity with aerobic training was independent of changes in IAAT, SAAT, and %fat (Fig. 2 ). There were no other group or groupϫtime differences observed for any of the other variables.
In multiple linear regression analysis, the change in whole body insulin sensitivity from baseline to 1-yr follow up was independently associated with change in V O 2max from baseline to 1-yr follow up (P Ͻ 0.05). No other significant associations were observed for any other variables or time periods. These data are presented in Table 2 .
DISCUSSION
The purpose of this study in healthy overweight premenopausal women was to identify the independent effects of energy restriction alone and energy restriction in combination with aerobic or resistance exercise training on whole body insulin sensitivity during weight loss and during 1-yr follow up. We found that the addition of aerobic or resistance exercise training to the energy restriction paradigm during weight loss did not provide any additive effects on whole body insulin sensitivity; however, during the 1-yr weight maintenance phase aerobic exercise led to a significant improvement in whole body insulin sensitivity, whereas there were no further im- provements in whole body insulin sensitivity in the diet or resistance training groups. Furthermore this improvement in whole body insulin sensitivity in the aerobic exercise group was independent of changes in visceral fat and %fat. Lastly, the change in whole body insulin sensitivity from baseline to 1-yr follow up was independently associated with changes in V O 2max from baseline to 1-yr follow up. These observations suggest that long-term aerobic exercise training may conserve improvements in whole body insulin sensitivity following weight loss, and these improvements transpire independent of modest weight and visceral fat regain. Furthermore, maintaining cardiovascular fitness following weight loss may be important for maintaining improvements in whole body insulin sensitivity.
Prior investigations have not provided a clear picture as to whether there is an independent effect of exercise training on changes in insulin sensitivity during weight loss. Some studies have shown no independent effects of exercise training on insulin sensitivity (4, 26) , whereas others have shown an independent effect (3, 5, 24) . In this study there was no effect of intervention group (diet only, diet/aerobic, or diet/resistance) on whole body insulin sensitivity, suggesting that the intervention type was not independently related to improvements in insulin sensitivity (Table 1) . Instead, time was a significant predictor, suggesting that weight loss was primarily responsible for the improvements in insulin sensitivity. The discrepancy between studies may be attributable to fundamental differences in study design and methodology used to determine insulin sensitivity. For example, the lack of weight stabilization periods in some studies (3, 10) may result in measurements of insulin sensitivity that may reflect negative energy balance rather than the intervention. We used a 4-wk weight stabilization period prior to all pre and post measurements obtained in this study to avoid this confounding factor. The use of different techniques to determine insulin sensitivity may also contribute to the discrepancy among findings.
A novel aspect of this study was the assessment of potential independent effects of aerobic or resistance exercise training on whole body insulin sensitivity during 1-yr post-weight loss. We are unaware of any studies that have assessed independent effects of aerobic or resistance exercise on whole body insulin sensitivity following weight loss. Our results showed that two aerobic exercise sessions per week led to further statistically significant improvements in whole body insulin sensitivity (28% increase). In contrast, the diet only and resistance training groups showed no statistically significant differences in whole body insulin sensitivity (diet ϭ 18% decrease; resistance ϭ 6.8% decrease; Fig. 1) . Furthermore, the improvement in whole body insulin sensitivity in the aerobic exercise group was independent of changes in both %fat and IAAT. These findings are unique since the positive effect of exercise on metabolic risk factors is thought to attenuate quickly in the absence of changes in body fat (12) .
Although it appears from our study and several others (3, 12, 17) that weight loss is a key component for improving insulin sensitivity in overweight individuals, literature assessing changes in insulin sensitivity during weight regain is lacking. Inasmuch as most individuals that lose weight from diet and/or exercise programs tend to eventually regain the weight, it is important to establish interventions that can maintain these health improvements when relapses in weight loss occur. Our results extend the findings of Thomas et al. (28) , in which exercise was protective against metabolic syndrome risk factors during weight regain. These findings highlight the potential protective effect of aerobic exercise to counter the effects of weight regain on whole body insulin sensitivity.
Strengths of this study included robust measures of body composition and body fat distribution. Post-weight loss measures were taken after participants were placed on a 4-wk diet that was designed to ensure an energy balanced state, thereby eliminating the potential confounding effect of negative energy balance. A further strength of the study was the inclusion of a no-exercise dietary control group, which enabled us to assess the independent and combined effects of diet and exercise. A limitation in this study, likely attributable to the rigorous in-patient protocol, was the 40% loss of participants from baseline to weight reduction. However, we were able to retain 97 of the 126 women during the 1-yr follow-up phase of the study. Furthermore, there were no statistically significant differences for any variables at baseline between those that dropped out of the study and those that completed the study, suggesting no confounding bias for individuals that dropped out of the study. Future research should be directed toward understanding the potential mechanisms through which aerobic exercise preserves insulin sensitivity following weight loss.
In conclusion, the overall implication from the present study was that the addition of aerobic or resistance exercise training to the energy restriction paradigm during weight loss did not provide any additive effects on whole body insulin sensitivity. However, following weight loss, aerobic but not resistance exercise training preserved weight loss-induced improvements in whole body insulin sensitivity.
